This paper presents and describes the test campaign of a low-cost Loop Heat Pipes (LHP) design. LHP have been around for many decades now. Their potential as passive heat transfer devices has been widely demonstrated in numerous both ground-and space-based applications. One of the major disadvantages of LHP is their inherent high manufacturing cost; this is the main factor why LHP are still confined to niche/high end applications such as thermal management of spacecrafts. This paper proposes to use an alternative manufacturing design for the LHP evaporator, which is the main contributor to the overall LHP cost. Preliminary thermal results are also reported and briefly explained. Future work is needed to confirm the promising results discussed in this paper and address fully other issues such as tolerance of this LHP design to vibrations and accelerations typical of space missions.
Introduction
Loop Heat Pipes (LHP) were firstly conceived in Russia in the mid 70's to address some of the heat transfer issues present on board spacecrafts [1] - [7] . One of the main issues in spacecrafts such as satellites is their long-life span, typically of the order of many years (stretching to over 2 -3 decades as well). For this reason, passive solutions are generally preferred to active ones because of the inherent reliability and life issues problems associated with active components such as pumps.
LHP are basically completely passive heat transfer devices which are able to transfer heat between two (or more) remote locations which are kept at different temperatures [8] - [12] . LHP have been around for many decades and have been successfully tested in numerous applications, both ground and space ones. LHP are suitable for low (>20 W) and high (>12 kW) heat loads and can operate at low (−160˚C) and high (>200˚C) temperatures. LHP are not so much different from the basic Heat Pipe (HP) concept, and therefore as Heat Pipes they are very versatile. However, LHP are far superior to standard HP because the wick is only present in the evaporator section (which is typically a very small proportion of the overall LHP length), and they have separate liquid and vapour lines connecting the evaporator and the condenser. These factors allow the use of very fine powders to produce high-performing sintered wicks (typically Nickel or Titanium), and also remove the entrainment limitation due to counter-flowing liquid and vapour in intimate contact as in standard HP designs.
LHP design has changed very little over so many years. In particular, the evaporator layout is basically the same as it was invented in the late 70's. One of the main reasons why this fact has stood well the test of time is that LHP are very difficult heat transfer devices to predict. In particular, the evaporator is a very complicated part to predict: the primary wick is an intricate porous media inside which two-phase with phase change takes place; the complex network of vapour removal grooves on the primary wick outside surface and the associated heat and mass transfer inside the grooves makes it difficult to predict the hydro-thermal dynamics; the complex thermal coupling of the evaporator with the compensation chamber (liquid reservoir) makes the thermal control of LHP quite challenging. Several detailed studies have described different modelling strategies to predict LHP performance [13] - [15] .
Almost in parallel and independently from the invention of LHP, the Americans at NASA had conceived the Capillary Pumped Loop (CPL) [16] . CPL is very similar to LHP and their operational principle is fundamentally the same. CPL has the liquid reservoir remotely located from the evaporator. This is a fundamental difference as it allows the evaporator to be very small and fit on confined spaces where there are packaging issues. The remoteness of the liquid reservoir also allows the adoption of multiple evaporator designs as one single liquid reservoir can feed all the evaporators. The remoteness of the liquid reservoir allows for independent temperature control of the CPL by setting up the liquid reservoir temperature; that is why CPLs are referred as loops with cold-biased reservoir. This fact gives CPL a very fine temperature tuning capability which is by far superior to LHP designs. Typically CPL temperature can be controlled within ±1˚C accuracy. However, CPL has a major issue with the evaporator priming at start-up. In fact, because there is no mechanical connection between the evaporator and liquid reservoir, it is likely that most of the liquid is inside the liquid reservoir instead of the evaporator; therefore, at start-up one must ensure that the CPL evaporator is primed before heat is applied to it. The evaporator priming is a very long and tedious procedure (can take between 30 min and a few hours). For this reason CPLs are typically not preferred to LHP; and only when LHP cannot be used because of their limitations, CPL should be chosen instead.
Several studies have also been published on miniature LHP [17] - [19] and high performance wicks [20] [21] in which it has been proven that LHP can easily been scaled down maintaining its superior thermal performance and wicks can be designed to improve performance of the evaporator.
One of the major problems with LHP is the manufacturing and assembling cost of the evaporator. The typical manufacturing steps of a LHP evaporator are: 1) powder sintering to produce the primary wick; 2) creation of the network of grooves on the wick outside surface; 3) insertion of the wick inside a heated metal jacket; 4) the integration of the compensation chamber with the evaporator by using the secondary wick and at times the bayonet. The creation of the network of grooves and the insertion of the evaporator inside the metal jacket are the most difficult steps which typically result in high scraps rates because of damage on the grooves.
Recent attempts to reduce the manufacturing cost of LHP have started appearing in the open literature [22] [23] . Much more is been done, but given the commercial potentials of these attempts, still few of these studies are published.
The present work suggests a different way of manufacturing LHP evaporators. It is proposed that only longitudinal grooves are created during the sintering process by the insertion of mandrels in intimate contact with the metal jacket. The metal powder is therefore sintered inside the metal jacket. This allows at once the complete removal of the groove creation and wick insertion inside the metal jacket after the sintering process. Therefore, manufacturing costs should be dramatically reduced; even the scrap rate should be significantly improved.
Copper powder with average pore size of 10 µm is used and 8 stainless steel mandrels (vapour removal channels) with ID of 2 mm are used. The jacket material is copper with 2.5 mm thickness. The mandrels are secured in contact with the internal surface of the jacket through the use of a specifically designed jig. The copper powder is introduced inside the jacket and subsequently pressed up to 250 MPa. The subsequent sintering process took place in a furnace with controlled atmosphere at a temperature of 850˚C for 2 hours.
The manufacturing process of the wick is slightly different from the process described in a previous relevant work by Vasiliev et al. [24] where a "chemically active substance" is used for Nickel powder in order to avoid important shrinkage inside of the wick during sintering.
The drawback of such a design is that there are no circumferential grooves on the primary wick which may create circumferential temperature differences when heat is applied only to one side of the LHP evaporator. This penalty may be alleviated by the use of thicker metal jackets which should conduct more heat around the circumference. However, this results in larger thermal resistances of the evaporator. Much more work is clearly needed to see if this issue can be addressed.
Preliminary Thermal Test Results and Discussion
In this section some preliminary thermal tests performed on the low-cost LHP design with water as working fluid are presented and briefly discussed. Figure 1 shows a not to scale schematic of the low-cost LHP with the thermocouple location. Dimensions of LHP parts are also given in millimetres in the same Figure 1 . The evaporator, compensation chamber, condenser, liquid and vapour lines are also indicated in Figure 1 . As can be seen from Figure 1 , both the liquid and vapour lines have flexible parts (the tubes are basically coiled) that allow the rotation of the LHP condenser with respect to the evaporator.
A wire heater was wrapped around the evaporator sector and the total power delivered by the heater was controlled via a variac. Insulation was provided around the heater to limit the heat losses versus the ambient. Figure 2 reports the LHP response at power ramp-up and down. Power (which is also reported in Figure 2 as the step-wise black curve) is varied between 0 and 100 W in successive steps after steady state readings were achieved with the thermocouples. Additionally, in Figure 2 for completeness also the ambient temperature (thermocouple number 8) was monitored during tests. As can be seen from Figure 2 after the first power setting (100 W) was applied there is significant temperature raise in all but thermocouple 4, and a small but distinct temperature over-shoot which is necessary to displace all vapour bubbles inside the primary wick at start-up. The response of the LHP is around 200 s which is relatively large; this is believed to be due to the small diameter of the vapour line. Subsequently, the low-cost LHP design responds quite well at input power changes.
Power cycling tests have also been performed and they are presented in Figures 3 and 4 . In Figure 3 power is changed between two set values (20 and 60 W). The LHP responsiveness is very good indeed over 1 hour of operation. In Figure 4 the power has been varied between two levels (45 and 90 W) for the first two cycles and for successive cycles the power has also been taken down to nil value. Again, the response of the LHP is good over around 40 minutes of operation.
In Figure 5 for a fixed power setting (85 W) the condenser temperature has been varied and the evaporator temperature monitored. It can be clearly seen that there is a quasi-linear relationship between the evaporator and condenser temperatures. There are two typical LHP operational modes, namely: constant conductance and variable conductance [10] . Inspection of Figure 5 suggests that the LHP is working in its constant conductance mode (where the equivalent thermal conductivity of the LHP is constant as in a normally functioning Heat Pipe). The thermal resistance defined as the temperature difference between LHP evaporator and condenser (estimated from Figure 5 ) and divided by the heat load is between 0.7 and 0.8˚C/W. This range of thermal resistance is in line with the reported values for LHP in the literature [25] .
Conclusions
This paper presents some preliminary works carried out recently on a low-cost LHP design. The evaporator has been manufactured using only longitudinal grooves. The wick sintering has been carried out inside the metal jacket avoiding manufacturing and assembling issues typical of conventional LHP manufacturing. The only potential limitation of the proposed design is the absence of circumferential grooves which typically allow for vapour to be distributed uniformly around the circumference of the evaporator when heat is only applied to a sector of the circumference.
The preliminary thermal tests of the proposed low-cost LHP demonstrate good time response and fairly steady temperatures at power ramp-up and -down, power cycling and variation of condenser temperature.
More tests such as low power and high power endurance, and minimum power level at start-up should be performed to gain further confidence in this design as an alternative low-cost solution suitable for those applications which do not require very demanding thermal performance from a LHP.
